i v e r s i t y S t . Louis, M i s s o u r i and D.J. Chato N a t i o n a l Aeronautics and Space A d m i n i s t r a t i o n Lewis Research Center Cleveland, Ohio 44135 ABSTRACT O p t i m i z a t i o n o f t h e p r o p e l l a n t r e o r i e n t a t i o n process can p r o v i d e increased payload c a p a b i l i t y and extend t h e s e r v i c e l i f e o f s p a c e c r a f t . paper proposes t h e use o f pulsed p r o p e l l a n t r e o r i e n t a t i o n t o o p t i m i z e t h e r e o r i e n t a t i o n process. r e o r i e n t a t i o n process and i s used t o study pulsed r e o r i e n t a t i o n i n small -s c a l e and f u l l -s c a l e p r o p e l l a n t tanks. performed and t h e r e s u l t i n g dimensionless groups a r e used t o p r e s e n t and c o r r e l a t e t h e computational p r e d i c t i o n s f o r r e o r i e n t a t i o n performance.
INTRODUCTION D u r i n g coast i n Low-Earth-Orbit (LEO), l i q u i d p r o p e l l a n t s can c o l l e c t i n t h e forward end o f a s p a c e c r a f t p r o p e l l a n t t a n k due t o atmospheric drag. preclude vapor i n g e s t i o n by t h e engine, a p r o p e l l a n t a c q u i s i t i o n system i s r e q u i r e d t o assure t h a t s u f f i c i e n t l i q u i d w i l l be p o s i t i o n e d over t h e t a n k o u t l e t p r i o r t o main engine f i r i n g . Passive a c q u i s i t i o n systems t y p i c a l l y p r o v i d e channels and baskets i n s i d e t h e t a n k and r e l y on s u r f a c e t e n s i o n t o h o l d l i q u i d i n t h e d e s i r e d p o s i t i o n w i t h i n t h e s t r u c t u r e s . add c o m p l e x i t y t o t h e design and increase t h e launch weight o f t h e s p a c e c r a f t . A c t i v e a c q u i s i t i o n r e q u i r e s t h e f i r i n g o f a u x i l i a r y t h r u s t e r s t o a c c e l e r a t e t h e v e h i c l e and i s u s u a l l y r e f e r r e d t o as i m p u l s i v e r e o r i e n t a t i o n o r s e t t l i n g . The a c c e l e r a t i o n v e c t o r i s o r i e n t e d so t h a t t h e induced r e l a t i v e motion between t h e p r o p e l l a n t and t h e t a n k p o s i t i o n s a pool o f l i q u i d over t h e main t a n k o u t l e t . p r o p e l l a n t , o p t i m i z a t i o n o f t h e s e t t l i n g process can i n c r e a s e payload c a p a b i l i t y and extend s p a c e c r a f t s e r v i c e l i f e . performance under t h e i n f l u e n c e o f a constant imposed a c c e l e r a t i o n . steady a c c e l e r a t i o n a p p l i e d t o t h e p r o p e l l a n t tank, t h e standard p r a c t i c e (Reynolds and S a t t e r l e e , 1) f o r computing t h e t i m e r e q u i r e d t o s e t t l e p r o p e l l a n t i s based on t h e f o l l o w i n g equation d e r i v e d from a r i g i d body dynamics a n a l y s i s :
To These s t r u c t u r e s Since each r e o r i e n t a t i o n maneuver r e q u i r e s t h e expenditure o f E x i s t i n g s t u d i e s o f i m p u l s i v e r e o r i e n t a t i o n have focused on s e t t l i n g For a where ( 7 ) = t h e number o f t T, = s e t t l i n g time, s L = t a n k l e n g t h , cm a = imposed a c c e l e r a t T, = ( 7 ) (ZL/a)'/* mes t h e t a n k acce on, cm/s2 e r a t e s past t h e l i q u i d An e s t i m a t e o f t h e t i m e r e q u i r e d f o r s a f e engine f i r i n g i s obtained by u s i n g ( t a u ) = 5. For complete p r o p e l l a n t s e t t l i n g , ( 7 ) = 10. The v e h i c l e v e l o c i t y increment o r d e l t a -V i n c u r r e d d u r i n g t h e r e o r i e n t a t i o n maneuver i s a good measure o f performance s i n c e i t i s p r o p o r t i o n a l t o t h e p r o p e l 1 a n t expenditure r e q u i r e d t o complete t h e maneuver ( 4 ) . Using v e h i c l e d e l t a -V as t h e c r i t e r i a , Sumner (4) concluded t h a t optimal s e t t l i n g would occur f o r low Bond numbers between 3 t o 5 f o r t h e c o n f i g u r a t i o n s e v a l u a t e d i n t h e study. T h i s r e f e r e n c e a l s o presented an e m p i r i c a l l y based method f o r computing s e t t l i n g performance. As p r o p e l l a n t i s depleted, t h e t a n k f i l l i n g changes and so does t h e o p t i m a l a c c e l e r a t i o n l e v e l . The key i d e a behind pulsed r e o r i e n t a t i o n i s t o use t h e p r o p e l l a n t ' s i n e r t i a t o i n t e g r a t e t h e impulses p r o v i d e d by i n t e r m i t t e n t t h r u s t e r f 
ECLIPSE CODE
The ECLIPSE code is being developed to model the fluid dynamic, heat transfer, and thermodynamic processes associated with cryogenic propel 1 ant management in a reduced gravity environment. It is based on NASA-VOF2D (7), a computer program designed for solving laminar two-dimensional, transient flows with free surfaces. It models incompressible flows with free boundaries using the Volume-Of-Fluid (VOF) method and can accommodate multiple free surfaces. NASA-VOF2D includes models for surface tension and wall adhesion (7,8). It a1 so includes a partial cell treatment for model ing curved boundaries and internal obstacles.
Although ECLIPSE now contains heat transfer and thermodynamic models (9,10), only minor modifications to the baseline code were required to study impulsive reorientation. Variables have been added to permit the investigator to specify a time-dependent acceleration environment and output files are generated specifically to help track the reorientation process. The accuracy of ECLIPSE in modeling the impulsive reorientation process has been documented by comparison to the experimental data for small-scale tanks (5,6).
TERMINOLOGY
Pulsed settling refers to the process of liquid repositioning due to intermittent firing of auxiliary thrusters. liquid leading edge travels smoothly along the tank walls. bottom of the tank a pool of propellant forms. reorientation or settling time, T,, i s defined in this study as the time it takes for the propellant leading edge to reach 20% of the tank height as measured from the outlet end along the tank centerline. increment, or delta-V is the proposed measure for propellant consumption.
is the change in vehicle velocity between thrust initiation and satisfaction of the settling criterion.
Upon thrust initiation, the
As it reaches the The criterion for
The velocity It IMPULSIVE SETTLING: SPACE BASED OTV One application of current interest t o NASA is the settling of liquid propellant in an Orbit Transfer Vehicle (OTV). name implies, will be used as a space "tug," therefore requiring numerous engine restarts. in this study. is the Boeing Short SB OTV with elliptical heads.
The conceptual OTV, as its
Two Boeing OTV propellant tank prototypes (11) were modeled The first is the Boeing Space-Based (SB) OTV. The second tank Hochstein et. al. (6) presented a series of analyses on the reorientation of propellant in these tanks using the ECLIPSE code. A representative case from their paper is reproduced here for comparison. Figure 1 Figure 2 shows the reorientation of prnpellant in this tank using thrust levels predicted to be 3 optimum by the work of Sumner (4). approximately 100 seconds the fluid is settled.
Only a moderate geyser is formed and after
PULSED SETTLING: SPACE BASED OTV
The remaining question is how to achieve this optimal low-level thrust given the minimum acceleration capability of most spacecraft thrusters. space shuttle auxiliary RCS thrusters with thrusts of 7.85 cm/sec2 were used as representative.) intermittent mode. The parameter values used for this part of the study are shown in Table 1 . The 0.25 scale SB OTV tank was again modeled using a propellant fill level of 50%. At this point in the analysis, NASA suggested keeping the same fineness ratio of 1.4, but changing the hemispherical tank heads to elliptical. An acceleration magnitude of 7.85 cm/sec was combined with pulse durations of 0.1 and 0.2 seconds over a thrusting frequency range o f 0.1 to 1.5 Hz.
(The A viable solution is to operate the thrusters in an Figur; 3 shows bulk liquid motion resulting from the application of a 7.85 cm/sec thrust for a duration of 0.1 seconds at a frequency of 0.1 Hz. The liquid can be seen t o move smoothly down the tank wall, forming a small geyser without any vapor entrainment. The settling criterion was satisfied within 60 seconds o f thrust initiation. F o r this case delta-V = 4.0 cm/sec. Figure 5 displays the code prediction when the thrusting frequency level i s increased to 0.7 Hz. The reorientation criterion was met within 20 seconds. However, the delta-V to accomplish settling is now 10.5 cm/sec, more than double that of the previous case. seen that the leading edge progresses smoothly along the wall. is formed, indicating excessive energy imparted to the fluid. sequence of flow fields can be seen in Figure 5 . increased to 1.4 Hz. a delta-V value of 14.8 cm/sec. can be observed, again indicating inefficient reorientation.
Examining the propellant motion, it can be A large geyser
For this case, frequency was A similar
The liquid reoriented in less than 14 seconds, yielding Severe geysering and violent surface foaming
The question arose as to what would happen if, for the same acceleration level, the thrust duration was doubled and the thrusting frequency was correspondingly halved. In response to this query, Figure 6 presents liquid motion due to a 0.2 second pulse duration and a 0.7 Hz thrust frequency. Comparing this bulk propellant motion with the case illustrated in Figure 5 , it can be seen that the liquid motion is similar. This simulation resulted in reorientation time of 13.2 seconds and delta-V of 14.5 cm/sec. These values are almost identical to the results of the case illustrated in Figure 5 .
The balance of the frequency range from 0.1 to 1.5 Hz was studied using pulse durations of 0.1 and 0.2 seconds. recorded for each case. shown in Figure 7 . Two other curves were added t o the plot representing calculations performed using the equations 1 and 2 ( 4 ) for settling time. Figure 7 shows that the equations 1 and 2 over predicts the settling time. also shows that the same reorientation time may be achieved by a combinations of pulse duration and thrust frequency which satisfy the condition: particular interest were liquid behavior in both high and low frequency ranges, and effects of acceleration magnitude, pulse duration, fill level, and tank scaling on reorientation time. Table 1 . Thrust levels between and 10-g were studied. Pulse durations used were 0.1 and 0.2 seconds. Fill levels of 25%, 50%, and 70% were examined .
The paTameter values used are shown in The curve appears to be flattening out as higher values of delta-V are approached. Ultimately, combinations of thrust, frequency, and pulse duration will approximate steady acceleration. Settling time will therefore approach a minimum value corresponding to the application of a steady thrust. For the same acceleration 1 eve1 , del ta-V values are equal for combinations of pulse duration and thrusting frequency sat i sfyi ng Equation 3 . accel erat i on can be defined An equi Val ent where a, = effective acceleration, cm/s2
Equation 3 can be rewritten as Equation (5) states that for equal values of effective acceleration, propellant consumption required to accomplish reorientation is equivalent. I 16 shows p r o p e l l a n t motion i n a s m a l l -s c a l e t a n k w i t h a 25% f i l l l e v e l . T h i s 6 p a r t i c u l a r s i m u l a t i o n y i e l d e d T,* = 5.59. along t h e t a n k w a l l . t a n k l e n g t h ) , most o f t h e f l u i d had been c o l l e c t e d a t t h e t a n k bottom. r e o r i e n t a t i o n c r i t e r i a had been d e f i n e d a t 0.1L i n s t e a d o f 0.2L, s e t t l i n g times f o r a l l f i l l l e v e l s , though n o t p r o p o r t i o n a l , would have been reduced g r e a t l y . Reviewing t h e i n p u t parameters o f T, *, lower s e t t l i n g times would presumably reduce t h e d a t a s c a t t e r r e s u l t i n g i n a more d e f i n i t e s p i k e i n F i g u r e 14. 
I n F i g u r e 12, d e l t a -V i s p l o t t e d a g a i n s t a, f o r b o t h f u l l and 0.215 s c a l e t a n k models w i t h f i l l l e v e l s o f 50%. As can be seen f r o m t h e p l o t , f o r a l l cases associated w i t h t h e f u l l s c a l e tank, i f t h e same a, i s used, d e l t a -V values w i l l be i d e n t i c a l . The same r e s u l t h o l d s t r u e f o r a l l cases

